We present a joint gravitational lensing and stellar dynamical analysis of fifteen massive field earlytype galaxies -selected from the Sloan Lens ACS (SLACS) Survey -using Hubble Space Telescope ACS images and luminosity weighted stellar velocity dispersions obtained from the Sloan Digital Sky Survey database. The sample of lens galaxies is well-defined (see Paper I), with a redshift range of z=0.06-0.33 and an average stellar velocity dispersion of σ ap = 263 km s −1 (rms of 44 km s −1 ) inside a 3-arcsec fiber diameter. The following numerical results are found: (i) A joint-likelihood gives an average logarithmic density slope for the total mass density of γ ′ = 2.01 +0.02 −0.03 (68% C.L.; ρ tot ∝ r −γ ′ ) inside R Einst = 4.2 ± 0.4 kpc (rms of 1.6 kpc). The inferred intrinsic rms spread in logarithmic density slopes is σ γ ′ = 0.12, which might still include some minor systematic uncertainties. A range for the stellar anisotropy parameter
INTRODUCTION
Massive early-type galaxies are postulated to be latecomers in the hierarchical formation process (e.g. Blumenthal et al. 1984; Frenk et al. 1985) , formed via mergers of lower-mass (disk) galaxies (e.g. Toomre & Toomre 1972; Schweizer 1982; Frenk et al. 1988; White & Frenk 1991; Barnes 1992; Cole et al. 2000) . As such, a detailed study of their structure (e.g. Navarro, Frenk & White 1996; Moore et al. 1998 ), formation and subse-quent evolution provides a powerful test of the concordance ΛCDM paradigm (e.g. Riess et al. 1998; Perlmutter et al. 1999; Spergel et al. 2003; Tegmark et al. 2004) at galactic scales.
In this context, the merging of low-mass galaxies to form more massive ones naively seems to imply a continuous evolution of their mass structure (e.g. Bullock et al. 2001) , both in their outer regions and dense inner regions (e.g. smaller galaxies accrete and sink to the center through dynamical friction). On the one hand, the inner regions of massive ellipticals can contract into an increasingly denser structure, if significant mass in dissipational gas is accreted (e.g. Blumenthal et al. 1986; Ryden & Gunn 1987; Navarro & Benz 1991; Dubinski 1994; Jesseit, Naab & Burkert 2002; Gnedin et al. 2004; Kazantzidis et al. 2004) . If this process occurs at z 1 (e.g. Kauffmann, Charlot & White 1996; Kauffmann & Charlot 1998) and results in star-formation activity, one can test this scenario directly by using highquality data of early-type galaxies, obtained with space and 8-10 m class ground-based telescopes (e.g. Menanteau et al. 2001a&b; Gebhardt et al. 2003; McIntosh et al. 2005; Tran et al. 2005 ). On the other hand, the mass inside the inner ∼10 kpc of the most massive ellipticals (i.e. >L * ) seems to remain nearly constant from z ≫ 1 to the present day -as suggested by collisionless dark-matter simulations -and additionally accreted dark matter replaces already present collisionless matter (e.g. Wechsler et al. 2002; Zhao et al. 2003; Gao et al. 2004 ). If most gas is turned into (collisionless) stellar mass before mergers (e.g. van Dokkum et al. 1999) , one expects it to behave similarly to dark matter during assembly in to the more massive galaxies seen at z 1.
Based on the notion that the velocity function of massive early-type galaxies at z=0 (Sheth et al. 2003) is remarkably close to that of the inner regions (inside ∼10 kpc) of the most massive simulated galaxies at z ≈ 6 -even though these galaxies continue to accrete collisionless matter below that redshift - Loeb & Peebles (2003) suggest that the inner regions might behave as dynamical attractors, whose phase-space density is nearly invariant under the accretion of collisionless matter (see also e.g. Gao et al. 2004) . In this scenario, one might expect less structural evolution of the inner regions of massive earlytype galaxies at z < 1, compared to models where most gas had not yet turned into stars before the mass assembly of their inner regions took place. Hence, one way to study the formation scenario of massive ellipticals, is to quantify the evolution of the mass distribution in their inner regions from redshifts z=1 to 0.
From the observational point of view, a significant effort has been devoted in the past two decades to the study of the mass structure of early-type galaxies in the local Universe (z 0.1) through stellar dynamical tracers and X-ray studies (e.g. Fabbiano 1989; Mould et al. 1990; Matsushita et al. 1998; Loewenstein & White 1999; Saglia et al. 1992; Bertin et al. 1994; Arnaboldi et al. 1996; Franx et al. 1994; Carollo et al. 1995; Rix et al. 1997; Gerhard et al. 2001; Seljak 2002; Borriello et al. 2003; Romanowsky et al. 2003) . In a comprehensive study, Gerhard et al. (2001) conclude that massive ellipticals have, on average, flat circular velocity curves with a scatter of ∼10% in their inner two effective radii. This in itself should impose stringent constraints on any numerical simulations of elliptical galaxies (e.g. Meza et al. 2003; Kawata & Gibson 2003) .
Strong gravitational lensing provides a complementary approach (Kochanek 1991) to study early-type galaxies at higher redshifts. Lensing analysis has been used to demonstrate the presence of dark matter around earlytype galaxies and, in some systems, to provide evidence for "isothermal" (i.e. ρ tot ∝ r −2 ) mass density profiles equivalent to the flat rotation curves observed for spiral galaxies (e.g., Kochanek 1995; Rusin & Ma 2001; Ma 2003; Rusin et al. 2002 Rusin et al. , 2003a Cohn et al. 2001; Munoz et al. 2001; Winn et al. 2003; Wucknitz et al. 2004; Rusin & Kochanek 2005) . However, the mass-profile (e.g. Wucknitz 2002 ) and mass-sheet degeneracies (Falco et al. 1985) often prevent a truly accurate determination of the logarithmic density slope at the Einstein radius.
To answer the question "What is the mass structure inside the inner regions of early-type galaxies and how does it evolve with time? ", we therefore combine constraints from strong gravitational lensing and stellar kinematics.
The former provides an accurate mass measurement inside the Einstein radius (Kochanek 1991) , whereas the latter provides a measurement of the mass gradient. The average logarithmic density slope inside the Einstein radius can then be determined -independent of the masssheet degeneracy that is associated with the galaxy mass distribution -with the same fractional accuracy as is obtained on the luminosity-weighted stellar velocity dispersion (e.g. see Treu & Koopmans 2005a) . The density slopes of individual early-type galaxy can be correlated with redshift, to determine any structural evolution in the population.
In an ongoing study of massive early-type lens galaxies between z ≈ 0.5 and 1, as part of the Lenses Structure & Dynamics (LSD) Survey ; hereafter TK04)plus two additional systems that were studied to measure the Hubble Constant -this technique has successfully been applied, to place the first constraints on the inner density slopes and dark-matter halos of early-type galaxies to z ≈ 1 (TK04), finding a logarithmic density slope close to isothermal, although the results were limited by the small sample size.
In the first paper of this series ; hereafter Paper I), we reported on the discovery of nineteen new early-type lens galaxies from the Sloan Lens ACS (SLACS) Survey at z 0.3, each with Hubble Space Telescope (HST) F435W and F814W images and a stellar velocity dispersion measured from their SDSS spectra (e.g. Bolton et al. 2004 ). Some systems have integral field spectroscopy (IFS) of their lensed sources, obtained with Magellan and/or Gemini (see also Bolton et al. 2005a) . As far as their photometric properties are concerned, they are representative of Luminous Red Galaxies (LRG; Eisenstein et al. 2004 ) with similar redshifts and similar stellar velocity dispersions (see Paper I). They also lie on the Fundamental Plane (FP; Dressler et al. 1987; Djorgovski & Davis 1987) of early-type galaxies, have old stellar populations, and have very homogeneous mass density profiles (Treu et al 2005c; hereafter Paper II) .
In this paper, we focus on the analysis of a sub-sample of fifteen isolated early-type lens galaxies from SLACS, combining the constraints from Hubble Space Telescope (HST) images with the stellar velocity dispersion obtained from the SDSS database. The goals are to quantify their inner mass structure and to assess whether any evolution of their inner regions has occurred at z 1. In § 2, we present non-parametric lens models for each system. The simplicity of the models supports their lensed nature and provides the necessary input for subsequent analysis. In § 3, we use the enclosed mass from lensing in a joint stellar-dynamical analysis, to determine the inner density slopes of each early-type galaxy. In combination with results from the LSD survey, we analyze the redshift behavior of the density slope in § 4 to quantify its evolution. In § 5, we summarize our results and draw conclusions. Throughout this paper, we assume H 0 =70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7.
GRAVITATIONAL-LENS MODELS
In this section, we briefly summarize the selection procedure of lens candidates for the HST snaphot pro- Table 1 ). gramme (see Bolton et al. 2004 and Paper I) and the subsample of the fifteen early-type lens galaxies that we use throughout this paper, in addition to their lens models. The models are used to quantify the alignment between stellar and total mass ( § 2.4) and provide the mass enclosed by the lensed images as an external constraint on the stellar-dynamical models ( § 3).
The Sample
The selection procedure that led to the current sample of confirmed E/S0 lens galaxies, used in this paper, is as follows: first, a principle-component analysis (PCA) is done of all spectra in the LRG and MAIN galaxy samples from the SDSS. The smooth PCA spectra are subtracted from the observed spectra and the residuals are studied for absorption and higher-redshift emission lines. The absorption lines secure the redshift of the foreground galaxy and allow the luminosity-weighted stellar velocity dispersions to be measured for the brighter galaxies. Second, the residual spectra that show three or more atomic transition lines in emission at a single redshift beyond that of the main galaxy are selected for followup. Third, given the redshifts and stellar velocity dispersions (σ ap ) of the foreground galaxies, and the redshifts of the lensed source candidates, we can estimate their lensing probability by ranking the systems according to their Einstein radii θ E = 4π(σ ap /c) 2 D ds /D s , assuming a SIS mass model with σ SIS ≡ σ ap (e.g. Schneider et al. 1992 ) from large to small 6 . This procedure resulted in a ranked list of 49 candidates, of which 20 are from the LRG sample in Bolton et al. (2004) and the remaining 6 Note that in the context of the SIS model, all systems with 2 θ E ≥ 1.5 ′′ (the SDSS fiber radius) have a probability of unity to be multiply imaged lens systems, because one of the two lensed images forms between 0-1 θ E and the second image forms between 1-2 θ E . Hence, observing an image inside 2 θ E implies that a counter image must exist.
29 are from the MAIN galaxy sample. We further note that galaxies in the LRG sample were selected based on early-type spectra, photometry and morphology (Eisenstein et al. 2001) , whereas the MAIN sample is more hetrogeneous with the general requirement, set by us, that EW Hα < 1.5Å(but see Paper I). Eventhough the selection is not completely uniform, it turns out that the resulting sample of E/S0 lens systems is indistinguishable in its photometric and scaling-relation properties from non-lens samples (see Paper II). Despite this, we remain cautious of potential selection effects.
Of the 28 systems observed as of 31 March 2005 -the cutoff line for this first series of papers -we confirmed 19 as unambiguous lens systems. Of the remaining 9 systems, six show some hint of a counter-image near the galaxy center, but in all these cases these are too faint to be confirmed as true lens systems with the present data (Paper I), while three lack any visible lensed images 7 or are magnfied, but singly imaged, galaxies inside the SDSS fiber aperture.
The galaxy-subtracted HST-ACS F435W and F814W images of each of the observed SLACS lens candidates are presented in Paper I. In general, the F814W images have better signal-to-noise compared to the F435W im-7 Lensed images can still be extended and below the noise level.
ages and thus serve as the primary constraint on the lens models. The F435W images are only used as a sanity check of the lensed nature of the multiple images (e.g. based on similar colors and structure).
In this paper, four additional lens systems are removed to construct a clean sample of "isolated" early-type galaxies 8 : one system is a bulge-dominated spiral galaxy (SDSS J1251−021), two systems have two dominant lens galaxies inside the lensed images (SDSS J1618+439 and SDSS J1718+644) and one system has a nearby perturbing companion that also contributes significantly to the light inside the SDSS spectral fiber (SDSS J1205+492). The latter makes its stellar dispersion measurement unreliable. All fifteen remaining systems (see Table 1 ) are genuine massive early-type lens galaxies, with a redshift range of z = 0.06 − 0.33 and an average stellar velocity dispersion of σ ap = 263 ± 11 km s −1 (rms of 44 km s −1 ) inside the SDSS spectroscopic aperture. All conclusions in this paper are based on this sample of 15 galaxies, except for those presented in § 4 and § 5.
The SIE Mass Model
The purpose of the lens models are three-fold: (i) Confirm that the systems are genuine gravitational lenses and that they can be explained through a simple strong lens model, (ii) accurately determine the mass enclosed by the lensed images, and (iii) quantify the alignment between Hence, "isolated" implies non-interacting and lensing that is dominated by a single massive galaxy inside the SDSS fibre and several Einstein radii. This constraint is rather weak, affecting only ∼10% of the systems. the stellar and total mass distribution.
To determine the mass enclosed by the lensed images, we follow the procedure described previously in e.g. and . First, we determine the "best-fit" elliptical lens mass model and for that, derive the mass (M Einst ) enclosed by the outer (tangential) critical curve. Second, we determine the associated circularly-symmetric mass mass model -having the same radial density profilethat encloses the same mass inside its critical curve at radius R Einst , which we call the Einstein radius.
We use the parametric Singular Isothermal Ellipsoid mass model (SIE; Kormann et al. 1994) to describe the projected mass distribution (i.e. convergence) of the lens galaxies (appropriately translated and rotated):
with q SIE = (b/a) κ being the axial ratio of constant elliptical surface density contours. Note that the mass enclosed by the elliptical critical curves, using the above normalization, is independent of q SIE (Korrmann et al. 1994) . The definition of the enclosed mass (M Einst ) and the Einstein radius (R Einst ) then correspond to those for a classical Singular Isothermal Sphere (with q=1; e.g. Binney & Tremaine 1987) and can be associated with a velocity dispersion through b SIE = 4π(σ SIE /c) 2 D d D ds /D s (see Schneider et al. 1992 ). This velocity dispersion should not be confused with that of the stellar component embedded in an overall isothermal (i.e. ρ tot ∝ r −2 ) mass distribution (e.g. Kochanek 1994 ). The two quantities can differ, depending on the precise distribution of the stars, their orbital structure inside the overall potential, and the aperture within which the dispersion is measured (Koopmans 2005a ).
Non-Parametric Source & Image Reconstructions
The complexity of many of the extended lensed images (Paper I) prohibits a simple parameterized description of the source (e.g. point images). Their brightness distributions are therefore reconstructed on a grid of typically 30 × 30 square pixels, with a pixel-size that depends on scale of the lensed images and their magnification (typically between 0. ′′ 01 − 0. ′′ 05). We use the regularized non-parametric source reconstruction code described in TK04 and -based on the non-parametric source reconstruction method by Warren & Dye (2003) -with the parametric SIE mass model for the lens potential. We emphasize that the choice of isothermal lens models influences the mass determination within the critical line at a level of a few percent at the most (e.g. Kochanek 1991) . This systematic uncertainty is at present negligible in our analyses of the logarithmic density slope (see § 3.4 for a proper discussion), and to first order our lensing and stellar-dynamical analyses can be regarded as independent.
We center the mass model on the brightness peak of the lens galaxy 9 and vary the three remaining model parameters (i.e. lens strength b SIE , ellipticity q SIE and position angle θ SIE ). At each optimization step, we determine the source structure that minimizes the value of the penalty function P = χ 2 + λ R, which includes a χ 2 and a regularization term. The mass-model parameters and λ are varied until χ 2 /d.o.f. minimizes to ≈ 1 (see Warren & Dye 2003 for details).
Because the main objective in this paper is to obtain the mass of the galaxy enclosed by its Einstein radiusfor subsequent dynamical analyzes ( §3) -neither the precise choice of the source pixel scale nor the regularization level (i.e. the value of λ) is found to have a significant impact on the resulting values of R E and M Einst . We therefore postpone a precise analysis of the structure of the sources to a future publication. The SIE models are sufficiently accurate to (i) confirm the lensed nature of each system, (ii) measure the mass enclosed by the lensed images to a few percent accuracy (see above discussion), and (iii) determine the orientation of the mass distribution w.r.t. its stellar distribution. Figure 1 shows the observed structure of the lensed images in the F814W band -after lens galaxy subtraction (Paper I) -and the currently best lensed-image reconstruction for each of the fifteen selected lens systems.
None of the models require significant external shear above a few percent to improve the models. Therefore we can safely assume it to be zero for simplicity (see § 2.4.1 for more discussion). Table 1 summarizes the best-fit parameters from the SIE mass modeling. We find the ratios R Einst /R ap = 0.87 ± 0.05 (rms of 0.19) between the Einstein radius and the SDSS fiber radius of 1. ′′ 5, and R Einst /R e = 0.52 ± 0.04 (rms of 0.17) between the Einstein radius and the effective radius (see Paper II), with R Einst = 4.2±0.4 kpc (rms of 1.6 kpc). Hence, when discussing the "inner regions" of early-type galaxies, we assume this to be approximately the inner 4 kpc.
Stellar versus Total Mass
Using the SIE mass models, we can assess how well light (i.e. stellar mass) traces the total mass density. In hindsight, this correlation is not surprising, because most of the mass inside R Einst is in fact stellar (see § 3.5). However, a significant misalignment or difference in ellipticity between the stellar and dark-matter mass componentseven outside the Einstein radius -would affect the lens models and show up as differences or increased scatter in the position-angle difference and ellipticity ratio between stellar and total mass. Note also that we implicitly assume an isothermal density profile -which will be further supported in § 3.2 -which in principle could affect the determination of the mass ellipticity and position angle.
Position-Angle Alignment
One test of the lens mass models is the position-angle alignment ∆θ = (θ * − θ SIE ) between the stellar component and the SIE lens model. The result is shown in Fig. 2 . The average difference is ∆θ = 0 ± 3 degrees, with an rms spread of 10 degrees. No significant correlation is found between ∆θ and other lens properties. One notices an increase in the rms of ∆θ with increasing q SIE , because it becomes increasingly more difficult to determine both θ * and θ SIE for q SIE → 1: the rms for q SIE < 0.75 is 3 degrees, whereas it increases to 13 degrees for q SIE > 0.75. However, no significant deviations of ∆θ from zero are found in either bin.
Assuming that (Keeton, Kochanek & Seljak 1997) 
where γ ext is the external shear, θ γ the shear angle, and
and that no correlation between galaxy and external shear orientations exists, we then find that the rms of 10 degrees in ∆θ implies that that the average shear has an upper limit γ ext 0.035. Hence, the alignment between the mass and light position angle confirms that external shear is very small and can be neglected and that the galaxies are effectively isolated in terms of their gravitational lens properties in the inner ∼4 kpc. (Note that this does not imply that galaxies are isolated, only that the effect of the field on their lensing properties is small.)
Ellipticity
A second test is to see how well the elliptical isophotal and isodensity contours trace each other. Fig. 2 also shows the ratio between the ellipticity of the stellar light (Paper II; q * = (b/a) * ) and that of the lens mass model (q SIE ), as a function of velocity dispersion (i.e. approximately mass). Above σ SIE of ∼225 km s −1 , the ratio q SIE /q * = 0.99 with an rms of 0.11, hence light traces mass also in ellipticity. Below ∼225 km s −1 , the correlation shows a sudden upturn to q SIE /q * ∼1.6, which we attribute to the fact that those three galaxies (i.e. J0959+042, J1330-018 and J1420+603) show inclined disky structure and can be classified as lenticular (S0) galaxies (see Paper I). These results strongly suggest that the SIE mass model (further supported in §3) quantifies the mass ellipticity to ∼0.1 accuracy. We can therefore take the average of q SIE as a good measure of the projected isodensity ellipticity of early-type galaxies: q SIE =0.78 with an rms of 0.12. We note that this ellipticity is that of the stellar plus dark-matter mass distribution, not that of the dark-matter halo only. Using
assuming that mass is stratified on oblate constant density ellipsoids and lens-galaxies are randomly oriented (i.e. P (i) ∝ sin(i)), this implies to an axis ratio in density of q 3 = (c/a) ρ = 0.66 with an error of ∼0.2.
As an additional check, we assess whether the ellipticity distributions of the SLACS E/S0 lens-galaxy sample and nearly early-type galaxies could possibly be different, which would suggest a possible selection bias. For the 15 SLACS E/S0 lens galaxies, we find q * = 0.74 with an rms of 0.13, in excelent agreement with nearby E/S0 galaxies (e.g. Lambas et al. 1992; Odewahn et al. 1997 ) which peak between 0.7-0.8. We conclude that also the ellipticities of SLACS lens galaxies are similar to those of nearby early-type galaxies.
Does Light follow Mass?
We conclude: (i) The small position-angle difference between the stellar and total mass implies that dark matter is aligned with the stellar component on scales 4 kpc and probably also beyond. Even though stellar mass dominates in this region (see § 3.5), a misalignment of stellar and dark matter, even beyond the Einstein radius, can cause an apparent "external" shear (Keeton, Kochanek & Seljak 1997) , which is not observed in our sample. (ii) Significant external shear, due to nearby galaxies or a misalignment of the outer dark-matter halo with the inner stellar-dominated region, is not required in any of the lens model. Significant external shear would in general cause a spread in ∆θ, if not accounted for in the models. (iii) The isophotal and isodensity contours of massive elliptical galaxies ( 225 km s −1 ) seem to follow each other well in their inner regions, whereas the lower velocity dispersion lenticular galaxies have a much rounder mass than light distribution.
The surface brightness bias of SLACS lenses
In Paper I & II, we discussed a bias in favor of more concentrated light-distributions for lens galaxies, compared to their parent population with equivalent σ ap . Because the S/N limit imposed on the velocity-dispersion measurements of lens-galaxy candidates was also imposed on the parent sample, and their distribution in S/N can not be distinguished according to a K-S test, (Paper II) and that determined from the SIE mass model (q SIE ). Note the tight scatter around unity above ∼ 225 km s −1 and then the upturn in q SIE /q * , resulting from more disky S0 systems. (Lower Panel) Difference between the position angle measured from the stellar light (θ * ; Paper II) and that determined from the SIE mass model (θ SIE ). Note the increase in rms dispersion with increasing q SIE = (b/a) Σ . The rms spread for q SIE < 0.75 is only 3 degrees, whereas for q SIE > 0.75 it increases to 13 degrees.
we concluded in Paper II that a bias in S/N due to the finite fiber size is not the underlying cause.
Here we propose another bias that might cause part of this effect. The bias arises because the parent population is chosen to have the same value of σ ap as that of the lens galaxy, but not necessarily the same mass, i.e. lens crosssection. Suppose we have two galaxies with identical isothermal density profiles and identical velocity dispersions, σ ap , inside the fiber aperture, but different masses (with M 1 <M 2 ). Because the first galaxy is less massive, the stellar component must be more extended to maintain a similar velocity dispersion inside the aperture. We find that for the range R e /R ap ≈ 0.8 − 3.2 (see Table 1 ) the decrease in mass, hence lens cross-section, is about 5% for a fixed σ ap . Whether this bias can partly explain the observed bias, or whether other mechanisms are also important, is not clear and we leave a full analysis to a future paper. . The shaded region (red) indicates the joint probability for γ ′ , assuming isotropic stellar orbits and a Hernquist (1990) luminosity density profile. The thin solid curves refer to the 15 individual lens systems. The dashed (red) curve assumes a Jaffe (1983) luminosity density profile, leading to a several percent increase in the maximum-likelihood value of γ ′ . The two (blue) solid curves, indicated by β = ± 0.25, show the probability functions for radially and tangentially anisotropic stellar orbits respectively (assuming a Hernquist profile for the stellar component). The horizontal bar indicates the 1 σ intrinsic spread in γ ′ , corrected for the spread due to measurement errors on the stellar velocity dispersions.
In this section, we combine the projected 2D massmeasurement (M E ; see § 2) with the stellar velocity dispersion measurement from SDSS spectroscopy (σ ap ) and the surface brightness distribution from the HST images (see Papers I & II), to determine the 3D logarithmic density slope inside the Einstein radius of each galaxy.
Spherical Jeans Modeling
We model each early-type galaxy as a spherical system, previously discussed in and . The modeling is done according to a number of steps and assumptions:
• The stellar plus dark-matter mass distribution of each of the lens galaxies is modeled as
where ρ 0 can be uniquely determined from the projected mass M(≤ R Einst )≡M Einst and r 0 can be set arbitrarily. The only remaining free parameter in the density distribution is therefore the logarithmic density slope γ ′ [Note that γ ′ = −d log(ρ tot )/d log(r)]. As discussed in TK04, The results are very insensitive to a cutoff at large radii (i.e. beyond several effective radii) in the dynamical analysis.
• The stellar component is treated as a massless tracer (i.e. M * /L → 0) in the gravitational potential of the total density profile. We assume a stellar density
where M * = L B × (M * /L B ) is the total stellar mass (assumed to be zero in the limit), r * is a break-radius and γ * in the inner logarithmic stellardensity slope. For the Hernquist (1990) profile γ * = 1 and r * = R e /1.8153, such that half of the projected light is inside R e . The projected Hernquist profile closely resembles an R 1/4 profile with which we determined the effective radii of each lens galaxy (see Paper II). In case of the Jaffe (1983) profile γ * = 2 and r * = R e /0.7447. The two profiles delineate a range of possible models, bracketing the observed range of galaxy profiles, useful to test for potential systematics.
• Given the total density (i.e. gravitational potential) and the luminosity density, we solve the spherical Jeans equations (see Binney & Tremaine 1987) , to determine the line-of-sight stellar velocity dispersion as function of radius. We assume that in the inner regions the anisotropy of the stellar orbits is approximately constant (see e.g. Gerhard et al. 2001) with β ≡ 1 − v 2 θ / v 2 r . Tangential anisotropy has β < 0, whereas radial anisotropy has β > 0.
• Both seeing and aperture effects are accounted for in the dynamical models. The observed stellar velocity dispersion is a luminosity-weighted average dispersion inside the SDSS fiber aperture. We assume Gaussian seeing with FWHM =1.5 arcsec for the SDSS spectroscopic observations, although the exact value is almost irrelevant, given the threearcsec diameter spectroscopic fiber aperture.
• The probability density of γ ′ is then given by
with χ 2 = [(σ ap − σ mod )/δσ a ] 2 and δσ ap is the 1 σ error on the aperture velocity dispersion measured from the SDSS spectra. The integrated probability density function is normalized to unity.
3.2. The Logarithmic Density Slope Following the procedure described in § 3.1, we determine the probability density functions for γ ′ for each of the fifteen early-type galaxies, assuming a Hernquist luminosity density profile with β = 0. The results are shown in Fig. 3 (thin black solid curves) and summarized in Table 1 .
Also shown is the joint probability (red shaded area), P joint ∝ Π i (dP i /dγ ′ ), from which we determine an average logarithmic density slope of γ ′ = 2.01 +0.02 −0.03 (68% C.L.) for the ensemble of galaxies. The fractional spread in γ ′ of ∼10% is partly due to the measurement error δσ ap .
To determine the true intrinsic spread around γ ′ in the ensemble of systems, we approximate the likelihood function of γ ′ i for each system by a Gaussian with a 1 σ error of δγ ′ i . Second, we assume that the slope γ ′ i of each system is drawn from a underlying Gaussian distribution around γ ′ with an intrinsic 1 σ spread of σ γ ′ .
The maximum-likelihood solution for σ γ ′ (ignoring the much smaller error on γ ′ ) is then found from:
The solution of this equation is σ γ ′ = 0.12 for the sample of fifteen early-type galaxies. This is a very small intrinsic spread of only 6% around the average value, considering that many effects have not yet been accounted for.
3.2.1. Implications for H 0 from lensing We comment that the small intrinsic scatter in γ ′ of around 6% suggests that these low-redshift (z 0.3) massive early-type galaxies could provide the perfect systems for measuring H 0 from time-delays 10 , with an expected rms scatter of around 12% between systems if they are assumed to be perfectly isothermal (TK04). At higher redshifts -where both external shear and convergence from the group and/or large-scale-structure environment of the lens galaxies become more important -the same assumption can lead to a larger (i.e. around 30%) systematic scatter in H 0 (see TK04 for a full discussion). We note also that we measure the average density slope inside R Einst , whereas the time-delay depends on the local density slope inside the annulus between the lensed images (Kochanek 2002) , which could have a different value and most likely a larger scatter (because it is not averaged).
Random Errors on the Density Slope
The assumption of an isothermal lens mass model (see § 2.1) systematically affects the mass determination of the lens galaxy inside its Einstein radius at most at the few-percent level (see Kochanek 1991 and § 3.4) . In addition, the mass determination has a random error, which we expect to be very small because of the high S/N-ratio data that we use to fit the models 11 . The alignment of mass and light ( § 2.4) also suggests that the remaining 10 Note that this requires a variable source. In case of an active galactic nucleus source, however, the lensed images often outshine the lens galaxy, making a joint lensing and dynamical analysis more difficult. However, SNe in star-forming lensed sources could provide very accurate time-delays. 11 The fractional random error on the mass is δ M Einst ≈ 2 · δ ∆θ for the SIE mass model. Because the error on the image separation ∆θ ≈ 2b SIE is typically the width of the lensed arcs divided by twice the S/N-ratio, we expect the random error on M Einst to be less than a few percent. In the low-S/N case of SDSS J1402+634 (Bolton et al. 2005a) , for example, we found a random error of ∼3%. We expect the other SLACS systems to have much smaller errors because of their typically much higher S/N-ratio images.
degeneracies in the mass model are too small to lead to a biased mass estimate [on average].
In the rest of section we show that residual errors on the lensing-based mass determination within the critical line are negligible with respect to the measurement errors on the stellar velocity dispersion. In the spherically symmetric case with power-law dependencies for the luminosity density and total density, one can show (Koopmans 2005a) that the fractional error δ γ ′ ≡ δγ ′ /γ ′ ≪ 1 is related to those on the mass (M Einst ) and the measured stellar velocity dispersion (σ ap ) by
from which one finds (assuming independent errors)
Here α g is typically of order a few and the function f depends on the logarithmic slopes of the total and luminosity density profiles and β (see Koopmans 2005a for its full expression in terms of gamma-functions). The pre-factor of four and the typical fractional errors on δ σ ∼ 0.05 from SDSS spectroscopy (see Table 1 ), implies that δ MEinst can be neglected given the current kinematic data quality. The fractional error on the logarithmic density slope is therefore, to first order, equal to the fractional error on the measured stellar velocity dispersion. Even though the Hernquist and Jaffe luminosity density functions follow a broken power-law ( § 3.1), this relation holds in our joint lensing and dynamical analysis with a fractional spread in density slopes γ ′ very close to that in stellar velocity dispersions (c.f. Paper II and TK04).
Systematic Errors on the Density Slope
The dominant systematic errors in the current analysis are probably the anisotropy in the stellar orbits, the spherical assumption in the dynamical model, deviations of the inner luminosity density profile from Hernquist and possibly contribution to the enclosed mass from the surrounding field of the lens galaxies.
To assess some of these errors, we redo our analysis for a change of anisotropy parameters ∆β = [−0.25, +0.25] (with a Hernquist profile). The resulting change in the average value of γ ′ is relatively small ∆γ ′ = [+0.05, −0.09]. Similarly, if we assume a Jaffe (1983) luminosity density profile, we find ∆γ ′ = +0.05 (assuming β = 0).
Because of their comparable scales, the small value of σ γ ′ could partly be due to some remaining systematic effects. We note that the ensemble could also systematically be more radially anisotropic (e.g. Gerhard et al. 2001 ) and/or have a luminosity density cusp steeper than Hernquist, but the above analysis shows these systematic shifts in γ ′ to be 5% for reasonable assumptions. We note also that the small intrinsic spread in γ ′ , in principle, allows us to set an upper limit on the average anisotropy of their velocity ellipsoid, using the tensor virial theorem (Binney 1978 ; Sandy Faber and Chris Kochanek, private communications). This could potentially lead to a correlation between the stellar mass ellipticity and its velocity dispersion and therefore with the inferred density slope. To test this, we plot γ ′ against q * in Fig.5 : no significant correction is found and the effect must therefore be small. We defer a more thorough analysis to a future publication, that will make additional use of more detailed kinematic data obtained from IFS observations of several of the SLACS lens galaxies and two-integral dynamical models.
If the field around the lens galaxies contributes significantly to the enclosed mass (i.e. to the convergence inside the Einstein radius), it biases γ ′ to lower values, if not accounted for (see e.g. TK04 for a discussion). There are several reasons why we believe this contribution to be relative small for the SLACS lens systems. First, we found that each systems can be modeled as a SIE without requiring significant external shear. In general the strength of the shear equals roughly the convergence of the field (if dominated by only a few systems). Second, because SLACS lens systems are at relatively low redshifts compared to lens systems known to date -which typically are at z l ∼ 0.6 -the angular distance between the lens galaxies and its nearest neighbors (in units of the Einstein radius) is larger than at higher redshift. Consequently, the influence of the field on the lens system is lower by a least a factor of a few compared to highz systems (c.f. Paper II). In addition, because the external convergence κ ext lowers the mass fractionally by ∼ δ MEinst , we find from equation 9 that δ γ ′ ∼ κ ext /α g . Hence, even a high external shear or convergence of 0.1easily detectable by the lens models -would affect γ ′ at most at the ∼5% level (for typical α g ∼ 2). On average, however, the expected external convergence is only a few percent (e.g. Fassnacht & Lubin 2002; Keeton & Zabludoff 2004; Dalal & Watson 2004) , reducing its influence to less than a few percent.
Another systematic error could stem from the determination of σ ap from the SDSS spectrum. If SDSS velocity dispersions were systematically biased, this would skew γ ′ in one or the other direction, although there is no reason to assume this bias exists. Moreover, Bernardi et al. (2003) estimate systematic errors on the measured velocity dispersions of <3%. The ongoing IFS observations, discussed above, will allows us to rigorously test this.
Dark Matter Inside the Einstein Radius
The spatially resolved kinematic profile and high data quality allowed TK04 to do separate analyses of the luminous and dark matter in individual early-type lens galaxies. The larger SDSS fiber aperture, the absence of spatially resolved information, and the higher stellar mass fraction inside R Einst prevent us from performing a similarly precise analysis. This will require higher spatial resolution kinematic data (e.g. with integral-field spectroscopy) and is left for future work.
Despite this limitation, we can still infer an average dark-matter mass fraction inside the Einstein radii of the ensemble of systems, keeping some caveats in mind (see discussion below). To do this, we first solve the spherical Jeans equation for two-component mass models -assuming a Hernquist luminosity density profile, scaled by a stellar mass-to-light ratio, and set β = 0plus a dark-matter density component with density profile ρ DM ∝ r −γ (see for more details). The sum of both mass components must be M Einst inside the Ein- stein radius. This leads to a likelihood grid as function of stellar M * /L B and dark-matter density slope γ (see e.g. TK04). Second, a Gaussian prior is set on the value of M * /L B , assuming an average local restframe Bband stellar mass-to-light ratio of 7.3 M ⊙ /L ⊙,B with a 1-σ of 2.1 M ⊙ /L ⊙,B (e.g. Gerhard et al. 2001 ; see also TK04) and correcting this for the average passive evolution of d log(M/L B )/dz = −0.69 ± 0.08 found from the sample in Paper II, which brightens galaxies with increasing redshift. The luminosity corrections are small ( 20%), however, for SLACS galaxies at redshifts below 0.33. Finally, we marginalize the resulting probability distribution (including the mass-to-light ratio prior) over γ to obtain the likelihood function of the dark-matter mass fraction inside R Einst : f DM = 1 − f * . The stellar mass fraction f * is given by the maximum-likelihood value of M * /L B divided by the maximum allowed value of M * /L B 12 . The results are listed in Table 1 . The straight average of f DM is found to be f DM = 0.25 ± 0.06 (rms of 0.22) inside R Einst = 4.2 ± 0.4 kpc (rms of 1.6 kpc) with a large range between about 0% to 60%.
We note that none of the stellar mass-to-light ratios significantly exceeds the maximum set by the inequality M * (≤ R Einst ) ≤ M Einst , which can be regarded as an additional (although weak) check on the validity of our assumptions. Finally, we investigate whether the darkmatter fraction (f DM = 1 − f * ) inside the Einstein radiu correlates other lens properties. In Fig.2 , we plot f DM against σ SIE and do indeed find a correlation (correlation coefficient r = 0.74). This correlation is predominantly 12 The stellar mass must satisfy M * (≤ R Einst ) ≤ M Einst due to the low inferred dark-matter mass fraction in the low-mass (i.e. dispersion) galaxies, whereas the higher mass systems seem to have f DM ≈ 0.4 − 0.6. This correlation can either be true, i.e. low-mass galaxies have less dark-matter in their inner regions (Napolitano et al. 2005) , or be a result of the break-down of one of our assumptions.
We think that the latter is the most likely explanation, because the three lowest-mass systems with f DM ≈ 0 (all S0 galaxies) have values of q SIE /q * ≫ 1, suggesting that dark matter contributes significantly to their inner regions (similar to spiral galaxies). In fact, the assumption of a constant stellar M/L B ratio, independent of σ SIE , is probably not entrirely correct. Within the "downsizing" scenario which leads to a tilt in the Fundamental Plane (see e.g. Paper II), a lower stellar M/L B ratio is expected for S0 galaxies. This leads to a lower inferred dark-matter mass fraction inside the Einstein radius. In addition, we find no strong trend of dark-matter mass fraction with the ratio of Einstein over effective radius (Fig.2) .
We therefore conclude that the inferred values of f DM must be regarded as preliminary, only giving a general indication 13 . The other results in this paper, however, do not depend on the stellar M/L B assumption. As mentioned above, we are obtaining higher spatial resolution kinematic data to improve upon this without assuming a stellar mass-to-light ratio. Fig. 5.- The logarithmic density slope of SLACS lens galaxies as function of stellar ellipticity, the (normalized) Einstein radius, the projected mass inside the effective radius and the effective surface brightness, respectively. In none of these cases, a significant correlation is found. In particular, the absence of any correlation between γ ′ and SB e,B argues against more condensed early-type galaxies having a steeper density profile. Similarly, the absence of correlation with (R Einst /Re) suggests that in the transition region from a stellar to dark matter dominated density distribution, the logarithmic density slope is unchanged.
THE EVOLUTION OF THE INNER DENSITY PROFILE OF EARLY-TYPE GALAXIES
In combination with results from the Lenses Structure & Dynamics (LSD) survey and from two more lens systems for which stellar velocity dispersions are measured and analyzed in a homogenous way (Treu & Koopmans 2002b; ) at z 0.3, we are now in a position to measure the evolution in the average logarithmic density slope of early-type galaxies to z ≈ 1, if present. Since these systems have been selected in different ways, we initially limit our analysis to the most massive early-type galaxies with σ ap > 200 km s −1 (i.e. L * ). Because the brightness profile, stellar velocity dispersion, and lens models are easier to obtain for these systems, we can expect smaller systematic errors in this sample (only 3 systems do not meet this criterion). This cut also simplifies comparisons to massive galaxies in numerical simulations (e.g. Meza et al. 2003; Kawata & Gibson 2003) . Fig. 4 shows all systems from the SLACS and LSD surveys, including PG1115+080 and B1608+656-G1 . The unweighted average value of γ ′ for the LSD/SLACS sys-tems with σ ap > 200 km s −1 is 2.01 (similar to SLACS sample) and an rms of 0.19 is found. To measure the evolution of the density slope, we do an unweighted linear fit 14 to the ensemble of systems, finding γ ′ (z) = (2.10 ± 0.07) − α γ ′ · z with 0.16 (1 σ) below z 1. This is marginally consistent with no evolution, or with a change in γ ′ of ∼ 10% in the last ∼7 Gyr. However, the former lens system has a disputed source redshift and the latter a massive nearby cluster, leading us to not select these systems in the LSD Survey. Despite combining variously-selected lens systems, the results are robust against changes in the cut in σ ap or the selection of included lens systems.
To our knowledge, this is the first constraint on the evolution of the logarithmic density slope in the inner regions of early-type galaxies to redshifts as high as z ≈ 1, although we note that a progenitor bias could play a role here that we only select those systems (from the SDSS LRG and MAIN samples) that have not undergone recent major mergers that resulted in star-formation (i.e. large EW Hα ; although major dry mergers could still have occured).
Other Correlations
To test whether γ ′ correlates with other quantities of interest, in Fig. 5 we plot γ ′ , from only the SLACS earlytype galaxies, against (i) the Einstein radius (in units of effective radius), (ii) the projected mass inside the effective radius, and (iii) the effective surface brightness. The first allows us to assess whether the density slopes changes over the region where dark matter becomes more dominant, the second whether the density slope depends on galaxy mass and the third whether more concentrated stellar distribution imply a more concentrated density distribution (see Papers I & II). We find in all three cases no significant correlation. We therefore conclude that at the current level of significance the logarithmic density slope appears a constant and only in combination with the LSD systems a marginal trend with redshift might be observed.
SUMMARY OF RESULTS
The Sloan Lens ACS (SLACS) Survey has provided the largest uniformly selected sample of massive early-type lens galaxies to date (Papers I & II). We used a subsample of fifteen early-type lens galaxies with a redshift range of z = 0.06 − 0.33 and an unweighted average stellar velocity dispersion of σ ap = 263 ± 11 km s −1 for a joint lensing and dynamical analysis, finding the following results:
14 Because of the relative small ensemble of systems at higher redshifts and their less well-know selection effect, the intrinsic spread in γ ′ might be poorly sampled. A weighted fit would then bias the result to a few best-measured systems.
• The average logarithmic density slope of the total mass density of γ ′ = 2.01 +0.02 −0.03 (68% C.L.) assuming a total density profile of ρ tot ∝ r −γ ′ and no anisotropy (i.e. β = 0). Systematic errors (e.g. orbital anisotropy and different luminosity density cusps) are expected to be 5 − 10% [see § 3.2].
• The intrinsic spread in the logarithmic density slope is at most 6%, i.e. σ γ ′ = 0.12 (the 1 σ of the assumed Gaussian spread) [see § 3.2], after accounting for measurement errors.
• The average position-angle difference between the stellar light component and the total mass component is found to be ∆θ = 0±3 degrees with 10 degrees rms, setting an upper limit of γ ext 0.035 on the average external shear. [see § 2.4].
• The ellipticity of the total surface-density is q SIE =0.78±0.03 (rms of 0.12) and q SIE /q * = 0.99 ± 0.03 (rms of 0.11) for σ 225 km s −1 . Assuming an oblate mass distribution and random orientations, this implies q 3 ≡ (c/a) ρ = 0.7 with an error of 0.2 [see § 2.4].
• The unweighted average projected dark-matter mass fraction is f DM = 0.25 ± 0.06 (rms of 0.22) inside R Einst = 4.2 ± 0.4 kpc (rms of 1.6 kpc) [see § 3.5].
• The evolution of the total density slope for galaxies with σ ap ≥ 200 km s −1 (>L * ), inside half an effective radius, γ ′ (z) = (2.10 ± 0.07) − (0.23 ± 0.16) · z for the range z = 0.08 − 1.01 (combined sample from the SLACS and LSD Surveys) [see § 4].
Summarising: Massive early-type galaxies below z ≈ 1 have remarkably homogeneous inner mass density profiles, i.e. ρ tot ∝ r −2 (equivalent to a flat rotation curve for a rotation supported system), and very close alignment between stellar and total mass. There is no evidence for significant evolution in the ensemble average logarithmic density slope of dark plus stellar mass below a redshift of one in their inner half to one effective radius.
DISCUSSION & OPEN ISSUES
Although the isothermal nature of early-type galaxies has previously been shown through dynamical, X-ray and lensing studies (see § 1), our results are the first where the logarithmic density-slope of individual early-type galaxies have been determined -beyond the local Universe (i.e. between z = 0.08 and 1.01) -based on a well-defined sample of systems from the SLACS Survey (Papers I & II), complemented with the most massive systems from the LSD Survey (e.g. TK04) at higher redshift. These combined results provide the first direct constraint on the evolution of the inner regions of massive early-type galaxies with cosmic time.
Even though we find no evidence for significant evolution in the inner regions of massive early-type galaxies, this does not imply that early-type galaxies at z ≈ 0 have the same formation or assembly epoch as those studied at z ≈ 1. A similar "progenitor bias" as in FP studies might play a role here as well (e.g. van Dokkum & Franx 2001) . This possibility should always be kept in mind in comparing galaxies at different redshifts.
Because the number-density of massive early-type galaxies does not appear to have changed by more than a factor of two since z ≈ 1 (e.g. Im et al. 2002; Bell et al. 2004; Treu et al. 2005a,b) and no major evolution of γ ′ has been found in our combined SLACS plus LSD sample (see Fig. 4 ), one can conclude that either the time-scale for their inner regions to relax to isothermality must be very short (less than a Gyr), if roughly half of the ellipticals in the sample at z 0.3 formed at redshifts below one, or that the inner regions of most early-type observed at z 1 were already in place at higher redshifts, consistent with collisionless numerical simulations (e.g. Wechsler et al. 2002; Zhao et al. 2003; Gao et al. 2004 ).
Formation Scenarios
How do these observational results fit into a hierarchical scenario where massive early-type galaxies form through gas-rich and/or gas-poor (i.e. "dry") mergers? The SLACS and LSD samples provide three core pieces of information on stellar-population and structural properties of early-type galaxies :
1. Their inner regions consist of an old stellar population formed at z ≫ 1, with some evidence for secondary infall at lower redshifts of at most ∼10% in mass (Paper II).
2. Their inner regions have nearly isothermal density profiles and show remarkably little intrinsic spread in their density slopes.
Their inner regions show little evolution below z≈1
in the ensemble average of the density slope.
With these pieces of information, we can examine the likelihood of different formation scenarios, not only in the context of their stellar populations e.g. through the FP studies (see Paper II), but also based on their structural properties and structural evolution (this paper).
Collisional "Wet" Mergers
It has been suggested that massive elliptical form predominantly at z < 1 from the mergers of gas-rich disk galaxies (e.g. Kauffmann, Charlot & White 1996; Kauffmann & Charlot 1998) . Although this scenario might quickly lead to relaxed galaxies -after a rapid star-burst triggered by the gas-shocks and inflows and the subsequent relaxation of the resulting stellar populations in several dynamical time-scales (e.g. Barnes & Hernquist 1991 , 1996 Mihos & Hernquist 1996) -the relatively old stellar populations seems to exclude this scenario as a dominant effect at low redshifts in the SLACS and LSD early-type galaxies (see Paper II).
Similarly, we conclude that no significant "secular evolution" in the form, e.g., of adiabatic contraction (e.g. Blumenthal et al. 1986; Ryden & Gunn 1987; Navarro & Benz 1991; Dubinski 1994; Jesseit, Naab & Burkert 2002; Gnedin et al. 2004; Kazantzidis et al. 2004 ) of the inner regions (∼4 kpc) seems to have occurred at z 1 in the inner regions of the population of early-type galaxies that was already in place at z ≈ 1. This would lead to a continuous increase in their ensemble average inner density slope toward lower redshifts. In , we tentatively concluded this already, based on the analysis of a single lens system MG2016+112 at z=1.01, with an upper limit on its inner dark-matter density slope only marginally consistent with that predicted by numerical simulations (e.g. Navarro et al. 1996; Moore et al. 1998 ) when adiabatically contracted.
A more gradual infall of gas-rich satellites, leading to secondary episodes of star formation (e.g. Trager et al. 2000; seems limited on average to ∼10% in mass below redshifts of unity (see also Treu et al. 2005a,b) . Such an infall could alter the average structural properties of the population of early-type galaxies; at present, we can not exclude that the (marginally) positive value of α γ ′ = 0.23 ± 0.16 (see §4) could be due to a slight change of the inner regions of massive ellipticals, as a result of secondary gas-infall. However, it does not appear to be a dominant effect in the structural evolution of most massive early-type galaxies at low redshifts.
Hence, the observational evidence appears to show that most of the massive SLACS and LSD early-type galaxies were already in place at z ≈ 1 in terms of their dominant old stellar population and dynamically, although very rapid "dry" mergers of several of the lower-redshift galaxies can not be fully excluded.
Beyond redshifts of z ≈ 1 and in disk galaxies (which might later assemble into massive elliptical galaxies), gas infall and dissipational processes are most likely very important (e.g. Mo, Mao & White 1998; Abadi et al. 2003a&b ). The total density profile of the simulated disk galaxy at z ≈ 4 in Gnedin et al. (2004) , for example, is close to isothermal in the inner 1-4 kpc, although steeper inside the inner ∼1 kpc. Hence, even though these simulations suggest that adiabatic contraction plays a role in the formation for disk galaxies at high redshift, it remains unclear how it could lead to such a tight intrinsic scatter of 6% in the logarithmic density slopes around γ ′ = 2 of early-type galaxies (see § 3.2), that presumably form from the mergers of these disk galaxies (e.g. Toomre & Toomre 1972; Gerhard 1981; Negroponte & White 1983; Barnes 1988; Hernquist 1992) . We note that the formation of elliptical galaxies from gas-rich mergers at z ≫ 1, and associated star-formation and gas-depletion, would be consistent with their observed old stellar populations.
Collisionless "Dry" Mergers
Historically, the isothermal nature of the inner regions of early-type galaxies -already at look-back times of ∼7 Gyrs -suggests a very violent assembly of these regions from collisionless matter, i.e. stars and dark matter (e.g. Lynden -Bell 1967; van Albada 1982; Stiavelli & Bertin 1987) . Even though we indeed find isothermal mass density profiles, this is remarkable given the problems with violent relaxation models (e.g. Arad & Lynden-Bell 2004; Arad & Johansson 2005 ). If we were to consider formation via mergers of collisionless stellar systems (i.e. "dry mergers"), as suggested by some authors (e.g. Nipoti et al. 2003; Boylan-Kolchin et al. 2004; Bell et al. 2005) we would run into an additional problem. Dehnen (2005) recently showed that the inner cusps of remnants in collisionless merging can not be steeper than the cusps of any of the collisionless progenitors and most likely also not more shallow. This invariance seems in agreement with collisionless numerical simulations (e.g. Wechsler et al. 2002; Zhao et al. 2003; Gao et al. 2004 ). The isothermal mass density profile of massive elliptical galaxies would therefore seem to imply that their "dry" progenitors must have had isothermal profiles as well, ad infinitum. Clearly this sequence must break down somewhere, if one wants to reconcile our finding with the outcome of cosmological numerical simulations that indicate inner density cusps with logarithmic density slopes around 1.0-1.5 for collisionless mergers (Navarro, Frenk & White 1996; Moore et al. 1998 ).
Hierarchical Dry Merging of Collisionally
Collapsed Gas-rich Progenitors To bring all the different pieces of evidence for and against gas-poor or gas-rich formation scenarios together and in agreement with the observations from the SLACS and LSD samples, we consider the following scenario:
(1) At a redshift of approximately 1.5 or 2, most of the stellar population in the inner regions of the massive SLACS/LSD early-type galaxies appears to have been in place already (or was accreted below that redshift through dry mergers), as indicated by their red colors and slow evolution at z 1 (Paper II and KT04).
(2) The dominant old stellar population implies that gas accretion and subsequent star-formation can only have played a minor role at lower redshifts (e.g. Trager et al. 2000; . The effect on the inner density slope from adiabatic contraction, resulting from infall of gas-rich satellites, should therefore be relatively small as well. If the latter were important and continue below z ∼ 1, it could severely affect the evolution of the logarithmic density slope, which seems to change at most marginally ( § 4).
(3) Once gas was no longer being accreted, the invariance of the inner density profile (e.g. Dehnen 2005; § 6.1.1) implies that at redshifts above 1.5 or 2, the inner regions of these galaxies were already in dynamical equilibrium (e.g. Wechsler et al. 2002; Zhao et al. 2003; Gao et al. 2004) . Major or minor collisionless mergers might, however, still occur and replace already present collisionless matter (Gao et al. 2004 ).
(4) Combing this with the result presented in this paper that the inner cores are very close to isothermal, and show very little intrinsic scatter ( § 3.2; also found by Gerhard et al. (2001) at z ≈ 0), then implies that these cores must have been isothermal already at the time significant gas-accretion ceased to occur at redshifts of approximately 1.5 or 2 or higher. (5) The results from numerical simulations (e.g. Navarro et al. 1996; Moore et al. 1998) , however, suggest that collisionless mergers in a ΛCDM cosmology lead to a much more shallow density profile, never to anything that even remotely resembles an isothermal profile. We are now faced with a conundrum when trying to explain an isothermal density profile in a dissipationless scenario, whether the merging matter is dark or stellar! This string of arguments suggests, although not proves, that the isothermal nature of the inner regions of massive early-type galaxies must, somehow, be the result of the effects of gas-accretion (e.g. through mergers) and subsequent (adiabatic) contraction and star formation.
During these collisional stages in the galaxy-formation process, the sum of the stellar and dark matter distribution converged to an isothermal density profile through a yet unknown process. Some of the collisionless matter in the inner regions could be expelled by newly in-falling dark or stellar matter, redistributing it such that the phase-space density remains nearly invariant (e.g. Gao et al. 2004 ).
This process either occurred rapidly, and only once, for the early-type galaxy in the "monolithic" collapse scenario (e.g. Eggen, Lynden-Bell & Sandage 1962) or in the merging of gas-rich disk galaxies, or it occurred for each of its progenitors, which then hierarchically and collisionlessly merged. Once the gas supply was depleted, subsequent dry mergers would retain the isothermality of the density profile.
The suggested scenario is therefore one where monolithic collapse or gas-rich disk-galaxy merging occurred for the progenitors of present-day early-type galaxies (only once in the case of the traditional monolithic collapse!) -leading to an isothermal density profile -which subsequently merged collisionlessly, leaving the density profile invariant. Understanding whether this can work, requires detailed numerical calculations -in a ΛCDM cosmology -including baryons and feedback in a realistic way. These are only recently becoming available (e.g. Meza et al. 2003; Kobayashi 2005) and still include approximation for many physical processes.
As far as observational tests are concerned, this hypothetical scenario, predicts that the inner regions of massive early-type galaxies already became isothermal (in density) at the formation redshift of the old stellar population. This will be testable if early-type lens galaxies (or their progenitors) are discovered at redshift of z 2 in future large-scale surveys e.g. with the SKA or the LSST (e.g. Koopmans, Browne & Jackson 2004) and their density profiles can be quantified either through lensing or lensing and dynamics combined.
Open Questions
We end with three open and compelling questions as raised by the result from the SLACS and LSD surveys:
1. What is the physical process that leads to an average isothermal stellar plus dark-matter density profile in the inner regions of massive early-type galaxies at z 1? The scenario discussed in § 5.2 argues that it most likely is a collisional process.
2. Why does this process lead to such a remarkably small scatter in the logarithmic (stellar plus darkmatter) density slope in their inner regions? If collisional processes play a dominant role in this, as suggested above, it requires strong feedback and an attractor-like behaviour. Also subsequent dry mergers can not increase the scatter significantly (Dehnen 2005), suggesting that they have very similar isothermal density profiles.
3. Why does the mass structure in the inner regions of massive elliptical galaxies evolve so little below a redshift of one? This suggests that these galaxies are already dynamically in place at z 1 and that the evolution of their mass structure, through sub-sequent merging, plays only a minor role in their inner regions and must predominantly be dry.
With forthcoming new HST, VLT and Keck data, and improved lensing and dynamical analysis methods, we soon expect to make further progress in answering these questions.
Based on observations made with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. Support for program SNAP-10174 was provided by NASA through a grant from the Space Telescope Science Institute, which is op-erated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. Note. -All position angles are defined North to East. The marginalized maximum-likelihood stellar mass fraction (f * ) does not include the prior f * ≤ 1, which ofcourse should be satified. We indicated the maximum-likelihood value, as a sanity check to show that none of the systems significantly violates this inequality. Hence the posterior likelihood value, including this prior, is equal to one, if f * > 1.
